The Polycomb group (PcG) proteins assemble into Polycomb repressive complexes (PRCs), PRC1 and PRC2, which act as general transcriptional repressors. PRC1 comprises a variety of biochemical entities endowed with histone H2A monoubiquitylation activity conferred by really interesting new gene (RING) finger E3 ubiquitin ligases Ring1A and Ring1B. All PRC1 complexes contain Ring1 proteins which are essential for Polycomb epigenetic regulation. We have been able to express the isolated N-terminal region of Ring1B, N-Ring1B, comprising the first 221 residues of the 334-residue-long Ring1B. This fragment contains the 41-residue-long RING finger motif, and flanking sequences that form an interacting platform for PcG and non-PcG proteins. We found that the N-Ring1B is a well-folded, monomeric fragment, with nativelike structure which unfolds irreversibly. The protein is capable of binding to an ubiquitin-conjugase protein (with an 85% of sequence similarity to the Ring1B physiological partner) with moderate affinity.
Introduction
The Polycomb group (PcG) of proteins are a set of evolutionarily conserved, transcriptional repressors, which are essential for maintaining gene repression in several cellular contexts and through development (Orlando, 2003; Ringrose and Paro, 2004) . The PcG proteins are best known as silencers of developmental genes in embryonic stem cells to set the stage for lineage commitment (Pietersen and Lohuizen, 2008) , but also in tumorigenesis and cell senescence (Pietersen and Lohuizen, 2008; Bracken and Helin, 2009) . PcG proteins are part of two major classes of Polycomb repressive complexes (PRC), the type I (PRC1) and type 2 (PRC2) with distinctive histonemodifying activities. Class I complexes act as histone H2A monoubiquitin ligases, whereas class II complexes act as histone H3 methyltransferases resulting in histone modifications commonly found on repressed genes.
Mammalian PRC1 complexes have all a core of really interesting new gene (RING) finger proteins made of E3 protein ligases (Ring1A and Ring1B) and the members of the Polycomb group ring finger family (Pcgf) , that act as positive cofactors in histone H2A monoubiquitylation. Ring1 and Pcgf orthologs in Drosophila PRC1 complex are Sex combs extra (Sce) and posterior sex combs (Psc), respectively. Up to six vertebrate PRC1 complexes have been delineated (Gao et al., 2012) . The core composition of the best known PRC1 complexes, PRC1.2 and PRC1.4 after Reinberg's group naming, contain, in addition to Ring1A and Ring1B, the cofactors Mel18/Pcgf2 and Bmi1/Pcgf4, respectively. Recruiting of PRC1 complexes to their targets occurs through a variety of mechanisms, from DNA binding proteins (for instance, Kdm2b/Fbxl10), to histone recognition (trimethylation of histone H3K27, the substrate of PRC2 methyltransferase, Ezh1/ Ezh2). Mechanistically, PRC1-mediated gene repression is not yet established, although a variety of mechanisms, from control of RNApol II pausing and chromatin compaction, to modulation of chromatin remodeler activities have been reported. These mechanisms may result from the individual activities of PRC1 subunits. For instance, although some cases the E3 ligase activity of Ring1B is not required for chromatin condensationdependent gene repression (Eskeland et al., 2010) , it is strictly required for gene silencing (Endoh et al., 2012) .
The RING finger proteins (Deshaies and Joazeiro, 2009 ) have a so-called RING motif that coordinates two zinc ions in a characteristic arrangement (Borden, 2000) . They often form homo-or heterodimeric pairs (Brzovic et al., 2001; Li et al., 2006) , as in the Bmi1-Ring1B complex, where each protein contains an N-terminal RING domain through which the proteins heterodimerize to form a functional E3 ligase. The structure of the Bmi1-Ring1B complex has been solved by X-ray (Buchwald et al., 2006; Li et al., 2006) , as well as that of the ternary complex Bmi1-Ring1B-UbcH5c E2 (Bentley et al., 2011) ; in this complex, UbcH5c is the E2 protein of the ubiquitin conjugation pathway, with a high sequence similarity (85%) to E2-C ca , the ubiquitin-congujase from Carassius auratus (Aguado-Llera et al., 2012) . In addition, the ternary complex Bmi1-Ring1B-UbcH5c binds DNA non-specifically (Bentley et al., 2011) . The isolated Ring1B has a weak intrinsic ubiquitin-ligase activity, but binding of Bmi1 greatly stimulates this function (Cao et al., 2005) , and, interestingly enough, Bmi1 binding also favors the binding to DNA duplexes, through several regions of the Ring1B domain (Bentley et al., 2011) .
Although the structure of the 1 -116-residue-long fragment of the 334-residue-long human Ring1B has been solved in complex with Bmi1 and UbcH5c (Buchwald et al., 2006 ; † These two authors contributed equally to this work. Li et al., 2006; Bentley et al., 2011) , there are no hints about the structural and conformational preferences of the isolated RING motif, or polypeptide regions comprising it. In addition, it has not been possible to study the conformational properties of the isolated RING domain of Ring1B, since it has a high intrinsic tendency to aggregate (Buchwald et al., 2006; Li et al., 2006 , and our own experimental results). Thus, we aim to study the structural, stability and conformational preferences of the isolated 1 -221 fragment of Ring1B (N-Ring1B), containing the RING domain. We have previously studied the structure, self-association state, conformational stability and binding features of the isolated dimeric C-terminal domain of Ring1B, C-Ring1B, comprising residues 222 -334 of the whole intact protein (Czypionka et al., 2007; Aguado-Llera et al., 2012) ; we have found that dimeric C-Ring1B binds to E2-C ca . In this work, we describe the conformational preferences, stability, structure, oligomerization state and binding features of N-Ring1B. Our results show that N-Ring1B is a monomeric protein, with a moderate stability, and native-like structure, which binds to E2-C ca with a moderate affinity.
Materials and methods

Materials
Deuterium oxide was from Apollo Scientific (Stockport, UK). The sodium trimethylsilyl-[2,2,3,3-2 H 4 ]-propionate (TSP), Ni 2þ resin, molecular marker, trypsin proteomics grade and calf-thymus DNA were from Sigma (Barcelona, Spain). For the trypsin digestion experiments, the molecular marker from VWR International (G-Biosciences) was used. Ultra-pure guanidine hydrochloride (GdmCl) and urea were purchased from MP Biomedicals (USA). Standard suppliers were used for all other chemicals.
Protein expression and purification
The N-Ring1B, comprising residues 1 -221 of the whole Ring1B protein, was subcloned into a modified pRSET vector containing a six-histidine tag at the N terminus of the protein (at the BamHI and EcoRI sites); no cleavage site was added; the modified pRSET plasmid was a kind gift of Dr Mark Bycroft (MRC, Cambridge, UK). The plasmid encoding N-Ring1B was transformed into Escherichia coli C41 cells (Lucigen, USA); the cells were grown at 378C in LuriaBertani media (containing 50 mg/ml ampicillin) to OD 600 0.6 -0.9. Protein expression was induced by the addition of a final concentration of 1 mM isopropyl-thio-b-galactoside, and overnight incubation at 308C. The N-Ring1B was purified by Ni 2þ -affinity chromatography as described for C-Ring1B (Czypionka et al., 2007) , using a tablet of Sigma Ultrafast protease inhibitor cocktail. A final purification step in N-Ring1B was carried out with a Superdex G75 16/600 column (equilibrated in 50 mM Tris buffer Tris (pH 7.5) plus 150 mM NaCl), running on an AKTA-FPLC instrument (GE Healthcare, Spain) by monitoring the absorbance at 280 nm. E2-C ca , which is a 180-residue-long protein with three tryptophan residues and six tyrosines, was expressed and purified as described (Aguado-Llera et al., 2012) .
Protein concentration was determined by measuring the absorbance at 280 nm with the extinction coefficients determined from the amino acid sequence (Gill and von Hippel, 1989) . Absorbance measurements were carried out in a Shimadzu UV-1601 ultraviolet spectrophotometer (Japan) using a 1 cm path-length cell (Hellma).
Fluorescence
The fluorescence emission spectra were collected at 258C on a Cary Varian spectrofluorimeter (Agilent, USA), equipped with a Peltier thermoelectric temperature controller. A 1 cm path-length quartz cell (Hellma) was used. The salts and acids used in buffer preparation were: pH 2.0 -3.0, H 3 PO 4 ; pH 3.0 -4.0, H-COOH; pH 4.0-5.5, CH 3 -COOH; pH 6.0 -7.0, NaH 2 PO 4 ; pH 7.5-9.0, Tris acid; pH 9.5 -11.0, Na 2 CO 3 ; pH 11.5-13.0, Na 3 PO 4 . The pH was measured with an ultra-thin Aldrich electrode in a Radiometer (Copenhagen, Denmark) pH meter. In all cases, protein concentration was 1 mM, in 10 mM of the corresponding buffer.
Intrinsic fluorescence. Protein samples were excited at 280 and 295 nm. Unless it is stated, in all collected fluorescence spectra, the slit widths were 5 nm for the excitation and emission lights, and the data pitch was 1 nm. Spectra were recorded between 300 and 400 nm. The signal was acquired for 1 s. Blank solutions were subtracted from all spectra.
GdmCl-or urea denaturations were carried out as described below.
Thermal denaturations. The excitation wavelengths were 280 and 295 nm, and fluorescence emission was collected at 315, 325 and 350 nm. Thermal scans were acquired every 0.28C with a heating rate of 608C/h, and averaged every 0.1 s. Every thermal denaturation was repeated three times with new samples at the different pHs. All the thermal denaturations were irreversible. Thermal denaturations at pH 7.5 were also carried out in the presence of 1 mM dithiothreitol (DTT), and no differences were observed with those acquired in the absence of the reducing agent.
ANS binding. Excitation wavelength was 380 nm, and the emission fluorescence was measured from 400 to 600 nm. Stock solutions of 8-anilinonaphtalene-1-sulfonic acid (ANS) (1 mM) were prepared in water and diluted into the samples to yield a final 100 mM concentration. Dye concentrations were determined by using an extinction coefficient of 8000 M 21 cm 21 at 372 nm. Blank solutions were subtracted from the corresponding spectra.
Fluorescence quenching experiments. Quenching of intrinsic tryptophan and tyrosine fluorescence by potassium iodide (KI) was examined at different pHs, and in the presence of GdmCl. Excitation wavelength was at 280 nm; emission was measured from 300 to 400 nm. In the absence of GdmCl, ionic strength was kept constant by the addition of KCl. The Na 2 S 2 O 3 was added to a final concentration of 0.1 M to avoid formation of I 32 , which absorbs at 280 nm. The data were fitted to: 
where DF max is the change in the fluorescence measured at saturating [E2-C ca ]; and F is the fluorescence intensity when no E2-C ca has been added. Every fluorescence titration was repeated three times with new samples. Fitting of data to equation (1) was carried out by using the general option fit of Kaleidagraph (Abelbeck software).
We did not measure the affinity constant of N-Ring1B to DNA by using fluorescence, because we do not know the exact molecular weight of calf-thymus DNA used. However, we carried out steady-state experiments at pH 7.5 (50 mM Tris buffer), and 258C, by using identical amounts (w/w) of N-Ring1B (2 mM) and DNA to map for possible changes in the protein spectrum upon addition of nucleic acid.
Circular dichroism
Circular dichroism (CD) spectra were collected on a Jasco J810 (Japan) spectropolarimeter equipped with a Peltier thermoelectric temperature controller. The instrument was periodically calibrated with (þ) 10-camphorsulfonic acid. Molar residue ellipticity was obtained as described (Czypionka et al., 2007) . Steady-state measurements were carried out at 258C. Samples were incubated overnight.
Steady-state measurements. Far ultraviolet (UV)-CD spectra of N-Ring1B at 8.8 mM were recorded at the different pHs explored, in a 0.1 cm path-length cell, with a scanning speed of 50 nm/min and a response time of 2 s. The reported spectra were the average of six scans; they were corrected by subtracting the corresponding buffer spectra. Steady-state measurements were also carried out in the presence of 0.5 mM DTT at pH 7.5; no differences were observed with the spectra acquired in the absence of the reducing agent.
GdmCl-or urea denaturations, either monitored by CD or fluorescence, were carried out at pH 7.5; the proper amount of denaturant from a 7 M (GdmCl) or 8 M (urea) stock solution was used, and the samples were left overnight to equilibrate. Reversibility experiments were carried out by dissolving a stock solution of N-Ring1B in 8 M urea or 7 M GdmCl; chemical denaturations were irreversible. Urea denaturations were also carried out in the presence of 0.5 mM DTT; no differences with those experiments acquired in the absence of the reducing agent were observed.
For the binding measurements with DNA, the same amount (in mg/ml) of N-Ring1B and calf-thymus DNA was added. Experiments were carried out at pH 7.5, in Tris buffer (50 mM). For the binding to E2-C ca , the same molar concentration of both proteins (15 mM) was used.
Thermal denaturations. Measurements were performed using a constant heating rate of 608C/h, following the ellipticity at 222 nm from 25 to 958C in a 0.1 cm path-length cell, with a total protein concentration of 9 mM, a response time of 8 s and a data pitch of 0.28C. Experiments were repeated three times with new samples at different pHs. The reversibility of the thermal transitions was confirmed by comparing the CD spectra acquired before and after the thermal denaturation; in all cases, the denaturations were irreversible. Thermal denaturations were also carried out in the presence of 0.5 mM DTT, and no differences were observed with those acquired in the absence of the reducing agent.
Near-UV. The cell path-length was 0.5 cm, with an N-Ring1B concentration of 88 mM at pH 7.5 (50 mM, Tris buffer). Experiments were averaged over six scans, with a response time of 8 s and a bandwidth of 1 nm. The experiment was repeated three times with new samples.
Analysis of the chemical-and thermal-denaturation curves
The average emission intensity, ,l., in fluorescence spectra was calculated as (Czypionka et al., 2007) :
Ii, where I i is the fluorescence intensity measured at a l i wavelength. Chemical-denaturation curves were analyzed by using the two-state model for the unfolding reaction, according to the linear extrapolation model:
, where DG is the free energy of the unfolding reaction; [U] is the denaturant concentration; [U] 50% is the denaturant concentration at the midpoint of the transition; and m is the slope of the transition. The denaturation data were fitted to (Clarke and Fersht, 1993) :
where X N and X D are the physical properties (ellipticity at 222 nm, fluorescence intensity at a particular wavelength or ,l. ) of the folded (N) and unfolded states (U), respectively, for which a linear relationship with the denaturant (i.e.
) is admitted; R is the gas constant; and T is the absolute temperature in K. Since all chemical denaturations were irreversible, we could not determine the DG, and only the [U] 50% s were reported. The DG in thermal denaturations was given by (Privalov, 1992) :
where DS(T m ) and DH(T m ) are the entropy and enthalpy of unfolding (with the concomitant aggregation) at the thermal-
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denaturation midpoint, T m , respectively; and DC p is the heat capacity of the transition. The shape of equation (2) (with exponential terms above and below the rate) does not impose restrictions on the value of the DC p ; thus, fitting of experimental data and exact determination of the T m do not rely on a pre-fixed value of the DC p . All thermal denaturations were irreversible, and we could only calculate an apparent T m . Fitting to equations (2) and (3) was carried out with the general fit option of Kaleidagraph.
Fourier transform infrared experiments
N-Ring1B at 100 mM in phosphate buffer ( pH 7.0, 10 mM) was extensively exchanged to deuterated phosphate buffer in Amicon devices. Spectra were acquired at 258C, and at increasing 58C temperatures up to 658C on a Varian Resolutions Pro spectrometer. The samples were equilibrated for 5 min at the corresponding temperature before recording spectra. A Peltier mount and excavated cells with a 50 mm path (Reflex Analytical Co.) were used. Recording and data treatment were carried out as reported, with the only modification of using a band shape of 20 and a K factor of 1.8 in the deconvolution (Marin-Argany et al., 2012).
Dynamic light scattering measurements
Dynamic light scattering (DLS) experiments were performed in a Zetasizer nano (Malvern Instrument Ltd, UK) using a thermostatized 12 ml sample quartz cuvette. Protein samples, at 88 mM, were prepared in 150 mM NaCl, 50 mM Tris buffer at pH 7.5. All the solutions were filtered, centrifuged and sonicated immediately before measurements. Experiments were also carried out at 258C in the presence of 1 mM of reducing agent (DTT or b-mercaptoethanol).
Size exclusion chromatography
Analytical gel filtration experiments were performed in a Superdex 75 HR 10/20 column (GE Healthcare) at 1 ml/min and at 258C on an AKTA FPLC system (GE Healthcare) following absorbance at 280 nm. A volume of 100 ml of N-Ring 1B at a concentration of 12 mM was loaded into the column after equilibration at pH 7.3 ( phosphate buffer, 50 mM), with 150 mM NaCl (to avoid protein -column interactions); the reported elution volume is the average of three measurements. Determination of the Stokes radius has been described before (Aguado-Llera et al., 2012) . Experiments were also acquired in the presence of 1 mM DTT; no differences in the elution volume were observed with those experiments acquired in its absence.
Nuclear magnetic resonance spectroscopy
The nuclear magnetic resonance (NMR) data were acquired at 258C in phosphate buffer (50 mM, pH 7.5) on a Bruker Avance DRX-500 spectrometer (Bruker GmbH, Germany), equipped with a triple resonance probe and z-pulse field gradients. Processing of spectra was carried out with the TopSpin 2 software. Protein concentration was 100 mM. TSP was used as an external chemical shift reference.
1D
1 H-NMR experiments. Water was suppressed with the WATERGATE sequence (Piotto et al., 1992) . Usually, 512 scans were acquired with a spectral width of 12 ppm, and 16 K data points in the time domain. The data matrix was zero-filled to 32 K before processing.
Translational diffusion ordered experiments (DOSY). Translational self-diffusion measurements were performed with the pulsed-gradient spin-echo sequence. Measurements and calibration of gradient strength were carried out as described (Czypionka et al., 2007) . The duration of the gradient was 2.2 ms, and the time between both gradients was 150 ms. The up-field shifted methyl groups between 0.0 and 1.0 ppm were used for integration. The hydrodynamic radius, R, of N-Ring1B was obtained by assuming that the R of dioxane is 2.12 Å (Wilkins et al., 1999) ). The diffusion ordered spectroscopy measurements were repeated twice. Experiments were also carried out in the presence of 1 mM DTT.
T 2 measurements. Measurements of the NMR T 2 (transverse relaxation time) provide a convenient method to determine the molecular mass of a macromolecule, since the correlation time, t c , is approximately equal to 1/(5T 2 ), with an inherent uncertainty of 10%. Measurements were carried out as described (Aguado-Llera et al., 2012).
Tryptic digestion
Trypsin solution was prepared by following the manufacturer's instructions. For control experiments, the histidine phosphocarrier, HPr, protein from Bacillus sphaericus, which is properly folded (Doménech et al., 2013) , was used. N-Ring1B and HPr in 100 mM of Tris ( pH 7.8) in a final volume of 200 ml (containing a concentration of 30 mM of each protein) were incubated in the presence of trypsin (at a final concentration of 1 : 20 (w/w) for each protein) at 378C for 2 h under agitation. Samples were retrieved at different intervals; the hydrolysis reaction was stopped by adding sodium dodecyl sulfate-polyacrylamide gel electrophoresis loading buffer and incubating the samples at 1008C for 5 min. Samples were loaded into an 18% gel to analyze tryptic digestion. In all cases, band intensity was judged by densitometry. Every experiment was repeated three times.
Experiments were also carried out in the presence of identical amounts of E2-C ca (molar/molar) and DNA (w/w) to find out whether binding of these macromolecules yielded protection against digestion.
Experiments at t ¼ 0 in any of the samples (in the absence of trypsin), only showed a single band at the corresponding molecular weight of each protein (at 24 kDa for N-Ring1B;
19 kDa for E2-C ca ; and 10 kDa for HPr).
Results
N-Ring1B was a monomeric species
DLS experiments indicate a major peak with a hydrodynamic radius of 27 + 4 Å (Fig. 1) . This peak corresponded to a 97.6% (in volume) of the sample, and the sample polydispersity was low (16%), suggesting the presence of a monomeric protein, with an estimated molecular weight of 32 kDa (taking into account that N-Ring1B behaves as a globular protein). The DLS experiments in the presence of 1 mM b-mercaptoethanol or 1 mM DTT did not show a different value of the hydrodynamic radius. Furthermore, after 1 day of incubation in the presence of either reducing agent, DLS experiments did not show a significant variation in the R ), and N Av is Avogadro's number). On the other hand, the R for a well-folded protein is given by: R ¼ ð4:75 + 1:11ÞN 0:29+0:02 (Wilkins et al., 1999) , where N is the number of residues; this expression yields a value of 23 + 2 Å for N-Ring1B. Therefore, the DOSY-NMR and T 2 measurements suggest that the protein was monomeric.
Finally, size-exclusion chromatography measurements showed a main elution peak at 11.74 ml, which yields a Stokes radius of 22 + 2 Å , similar to those values obtained above. However, it is important to note that other smaller peaks appeared at elution volumes larger than the bed volume of the column, suggesting protein -column interactions.
To sum up, all the hydrodynamic techniques allow us to conclude that N-Ring1B was monomeric.
N-Ring1B was a folded fragment
The fluorescence spectrum of N-Ring1B at pH 7.5 was dominated by the presence of the sole tryptophan, with a maximum wavelength at 339 nm, suggesting that the indole moiety was partially buried (data not shown). The solvent accessibility of fluorescent residues was also explored by KI quenching titrations at pH 7.5. The K sv s at 330 nm, with excitation at 280 and 295 nm, were 0.93 + 0.07 and 0.65 + 0.03 M
21
, respectively; whereas, in the presence of 5 M GdmCl, they were 2.7 + 0.4 and 1.8 + 0.6 M
. The K sv was always lower (in the absence and in the presence of GdmCl) at 295 nm, since only the sole tryptophan was excited, whereas at 280 nm, tyrosine residues were also excited. Since there was a change in the value of K sv at 295 nm when GdmCl was present (from 0.65 + 0.03 to 1.8 + 0.6 M 21 ), we suggest that the quenching results support that the sole tryptophan was partially buried.
The far-UV CD spectrum of the protein ( Fig. 2A) shows a broad minimum at 220 nm. The deconvolution of the spectrum by using the DICHROWEB site Wallace, 2004, 2008) yielded similar percentages of secondary structure among the programs used (Table I) . These results suggest that N-Ring1B contained mainly b-sheet structure. The deconvolution of the Fourier transform infrared (FTIR) spectra shows b-sheet and a-helix structure as the main components (Table I ). The near-UV of N-Ring1B was intense, with a broad minimum at 280 nm (Fig. 2B) . This large near-UV spectrum suggests the presence of an asymmetric environment for the aromatic residues (a sole tryptophan, three tyrosines and two phenylalanines).
The NMR spectrum of N-Ring1B showed a large dispersion of the amide and methyl signals (Fig. 2C) , suggesting that the protein was folded (Wüthrich, 1986) . Interestingly enough, there were down-field shifted protons between 5.0 and 6.0 ppm, which indicate the presence of b-sheet.
We further tested the structure of N-Ring1B by tryptic digestion. Under our conditions, N-Ring1B was more resistant to digestion than HPr from B. sphaericus, which is a wellfolded protein (Doménech et al., 2013) Fig. S1A and B) . However, it is important to indicate that at the shortest time explored (30 s), there was some protein digestion, as shown by the bands with smaller molecular weights (5 -10% of the total band intensity) than the intact protein (appearing at 24 kDa or 10 kDa for HPr). Thus, it seems that N-Ring1B has a stable structure.
(Supplementary
Therefore, all the spectroscopic probes indicate that N-Ring1B was well-folded.
The pH stability of N-Ring1B
Since N-Ring1B was a well-folded protein, we decided to find out how its structure varied with the pH. This pH-conformational study will allow a comparison with the similar studies carried out in C-Ring1B (Czypionka et al., 2007) ; moreover, we tried to find out whether the fragment kept a folded structure in a narrow range of pH; or alternatively, the structure was maintained in a wide range of pH. Finally, with this study, we try to elucidate whether the protein compacts at low pH, as it happens with some intrinsically disordered proteins (Geist et al., 2013 ) (see the Discussion Section). We carried out pH denaturations followed by intrinsic and ANS fluorescence, and far-UV CD. To the best of our knowledge, these are the first conformational studies of this kind carried out in a RING domain.
The changes in the intrinsic fluorescence were monitored by the variations in: (i) ,l.; and (ii) fluorescence intensity at selected wavelengths. The ,l. (obtained either by excitation at 280 or 295 nm) showed a bell-shaped curve with the maximum value between pH 5.0 and 10.0 (Fig. 3A, blank  circles) . Below or above those pHs, there was a decrease in the value of the ,l., due to the acidic and basic denaturations; we could not obtain the titration midpoints of both transitions due to the absence of acidic or basic baselines. A similar behavior was observed in the intensities (Fig. 3A, filled circles) . This tendency is similar to the one observed in the monomeric species of C-Ring1B (Czypionka et al., 2007) . We also (at pH 9.0); therefore, the solvent accessibility of Trp and Tyr did not change in that pH range, in fair agreement with the ,l. and intensity variations. We also tried to explore the solvent accessibility at lower pHs, but in all cases, the N-Ring1B precipitated in the presence of KI. A.I.Martínez-Gó mez et al.
The pH denaturation was also monitored by ANS fluorescence. At low pHs, the maximum wavelength occurred at 480 nm, because of the solvent exposure of hydrophobic patches, caused by the acidic denaturation of the protein.
Conversely, at pHs .5.0, the spectra had a lower intensity and their maxima were close to 505 nm (data not shown). The changes in the intensity (Fig. 3B, filled circles) or ,l. (Fig. 3B, blank circles) showed a titration at low and high pHs; we could not determine their titration midpoints due to the absence of acidic or basic transitions, respectively. The pH denaturation, followed by the changes in the ellipticity at 222 nm, showed also a bell-shaped behavior, with a large (in absolute value) ellipticity between pH 5.0 and 10.0. At both extremes of pH, the ellipticity decreased in absolute value (Fig. 3C) .
To conclude, the three different spectroscopic probes show that in N-Ring1B, the secondary and tertiary structures were acquired concomitantly.
Conformational stability of N-Ring1B
We decided to find out the stability of the fragment structure monitored by several techniques.
Thermal denaturations. Fluorescence experiments at pH below 5.0, or above pH 10.0, did not show any sigmoidal transition ( Fig. 4A and B) . Thermal denaturations (at pHs between 5.0 and 10.0) were irreversible (at 1 mM protein concentration), with apparent T m s close to 528C. Similar values of the apparent T m s were observed by following the changes in ellipticity at 222 nm in the far-UV CD (at 8.8 mM of protein concentration); the transitions followed by CD were also irreversible.
The FTIR spectrum at 258C, showed two main bands, centered at 1654 cm 21 (a-helix, 39%) and 1636 cm 21 (native b-sheet, 31%). In addition, there was a small band at 1617 cm
21
, indicating some b-aggregation at the high concentrations used in the experiments (Table I ). This band is centered within the range 1620-1615 cm
, attributed to amyloid fibrils in the literature (see for instance, Zandomeneghi et al., 2004) . The secondary structures remained unmodified up to 458C ( Supplementary Fig. S2 ), but from 508C onwards there was a clear loss of the a-helix and native b-sheet components, together with an increase in the amyloid component. At 658C (maximal temperature allowed by our instrument), the a-helix 
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and the native b-sheet components dropped to 29 and 22%, respectively, and the aggregated b-sheet component reached 17% of the area of the spectrum. Upon renaturation, the percentage for the a-component did not change, but the native b-sheet one was lost in favor of the amyloid component, which reached 26% the area of the spectrum (if the sample was left 30 min after renaturation). Therefore, thermal denaturation of N-Ring1B, followed by FTIR, suggests the presence of aggregation, probably in the form of amyloid fibrils, and this aggregation was irreversible.
Chemical denaturations. We carried out GdmCl-and urea denaturations of N-Ring1B. The transitions were always irreversible. Urea denaturations, followed by the changes in ,l., showed a broad transition (Fig. 4C) , with no unfolding baseline, suggesting the lack of co-operativity. Changes in the intensity at several wavelengths showed a somewhat more co-operative transition, with an apparent midpoint of 2.78 + 0.08 M. The urea denaturation followed by far-UV CD (Fig. 4D ) also showed a broad transition. The GdmCl denaturations, either followed by fluorescence or far-UV CD, showed the absence of native baseline (Supplementary Fig. S3 ).
N-Ring1B seems to have native-like structure
We think that a proper way to show the presence of native-like, well-folded structure is by showing the affinity of the N-Ring1B towards the natural partners of the whole Ring1B. To that end, we tried to measure the affinity of N-Ring1B for an ubiquitin conjugase and for DNA.
We have shown that the E2 ubiquitin conjugase from goldfish, E2-C ca , binds to C-Ring1B (Aguado-Llera et al., 2012) (where the RING domain of the intact Ring1B is not present in the fragment). Since the canonical binding site of E2-C ca should be the RING domain of an E3 protein, we demonstrated the affinity of N-Ring1B (which contains the RING domain of the intact protein) for E2-C ca . We tried to determine whether there was binding between both proteins by using CD: the spectrum of the complex and that obtained by the addition of the spectra of both isolated molecules had very large differences (data not shown). Next, we tried to determine the affinity constant of E2-C ca for N-Ring1B by fluorescence, where the changes in the fluorescence intensity were also large and the amounts of protein required smaller. The use of fluorescence yielded an apparent value of 0.5 + 0.2 mM (Fig. 5A) . We also tried to map the binding of E2-C ca to N-Ring1B by using trypsin digestion, but surprisingly, it seemed that in the presence of the ubiquitin conjugase, N-Ring1B was digested at shorter times ( Supplementary Fig. S1A and C) . We do not know the exact reasons of this increase towards digestion susceptibility of N-Ring1B, but it could be due to local conformational changes (reported by far-UV CD) at selected sites in its structure, which become solvent-exposed. We also tested, by far-UV CD, that N-Ring1B was bound to DNA. There were differences between the spectrum of the complex and that obtained from the addition of the spectra of each biomolecule (DNA and N-Ring1B) acquired separately (Fig. 5B) ; these differences were, however, small (in contrast to what happens with E2-C ca ). On the other hand, the fluorescence spectrum acquired in the presence of an identical (w/w) amount of DNA showed strong quenching, suggesting that the DNA was bound close or at the sole tryptophan residue of the protein. Trypsin digestions in the presence of DNA suggested a slight increase in the protection of N-Ring1B (at the larger times: 30 min and 1 h) against digestion, and therefore binding ( Supplementary Fig. S1A and D) .
Discussion
The monomeric state of N-Ring1B
The RING region of Ring1B has only been purified by proteinrecombinant co-expression with its natural partner Bmi1 (Buchwald et al., 2006; Bentley et al., 2011, and references therein) due to the impossibility of rescuing, isolating and purifying the protein from inclusion bodies. The first goal of this work was the isolation and purification of a soluble fragment containing the RING motif of Ring1B (without the need of protein co-expression). We were able to express and purify a fragment of Ring1B containing the first 221 residues of the intact protein. The fragment was moderately stable (as shown by trypsin digestion), had secondary and tertiary structures, and it was monomeric.
Dimerization of the RING motif of Ring1B has been observed in both X-ray structures, involving the 1 -116 region of Ring1B (Buchwald et al., 2006; Bentley et al., 2011) , and self-association seems to be a feature of some RING domains (Brzovic et al., 2001; Li et al., 2006) . Besides, we have been working with other N-terminal fragments (1 -90, 1 -110) of Ring1B, and in all cases, we obtained inclusion bodies of the corresponding fragment, which we were not able to solubilize. In contrast, N-Ring1B did not form inclusion bodies and it did not show a high tendency to aggregate except at high temperatures and protein concentrations (as those used in FTIR, see below). We wondered on the reasons behind the production of this soluble fragment containing the RING motif. We believe that the solubilization of the RING domain of Ring1B in N-Ring1B was due to the presence of disordered regions in the 1 -221 polypeptide patch, which act as 'entropic bristles', solubilizing aggregation-prone domains (Santner et al., 2012) . Therefore, some of the residues from 116 to 221 must help in solubilizing the RING finger region of Ring1B and they are probably disordered. We do not know on the exact biological relevance of the presence of stable, monomeric N-Ring1B, but since C-Ring1B shows a tendency to dimerize (Czypionka et al., 2007) , the presence of the two domains in the same molecule (the whole Ring1B), with different self-association states, could involve a regulation system to interact with several natural partners (see below).
The structure of N-Ring1B
From our spectroscopic studies, we can conclude that monomeric N-Ring1B is folded. This result is important, since it could be thought that only in the presence of Bmi1 the RING domain of N-Ring1B becomes folded. We hypothesize that the whole Ring1B could be stable in the cell in the absence of its natural partners. Furthermore, the fact that the stable, native-like structure is present in the monomeric form of N-Ring1B also suggests that the intrinsic tendency of the RING domain to homo-or hetero-oligomerize involves the docking of well-folded protein structures, and it does not involve the entropic penalty of folding a protein. It is interesting to note that C-Ring1B also shows the presence of isolated, well-formed monomers (Czypionka et al., 2007) , although its tendency to self-associate is higher than that of N-Ring1B.
The percentages of secondary structure determined from CD and FTIR spectroscopy in N-Ring1B were similar for the b-sheet (Table I) , but they were different for the a-helix. These differences could be due to: (i) the deconvolution procedures in both techniques; (ii) the presence of aromatic and cysteine residues, which can alter the far-UV CD spectrum (Woody, 1995; Kelly and Price, 2000) ; or (iii) the fact that the band corresponding to random-coil structure is obscured by The far-UV CD spectrum of the complex of N-Ring1B and calf-thymus DNA at the same concentration (in mg/ml) (continuous line) and that obtained from the addition of the spectra of the isolated biomolecules at the same concentration (dotted line). Experiments were carried out at 258C, in 50 mM Tris buffer (pH 7.5).
Stability and binding of N-Ring1B
the a-helix and native b-sheet components. The percentages of structure in the 1 -116 Ring1B region of the X-ray structures are around 35% for the a-helix and 15% for the b-sheet (PDB numbers: 2CKL (Buchwald et al, 2006) and 3RPG (Bentley et al., 2011)) ; these values seem to differ from those obtained in N-Ring1B in CD experiments, but fit quite well for the a-helix content in the FTIR ones. At this stage, we do not know which kind of structure is present in the 116-221 tail at the C terminus of N-Ring1B (we have not been able to express that fragment in isolation). Moreover, we cannot rule out even the presence of disordered segments in the 100-residue-long region, linking the well-folded RING domain (Buchwald et al., 2006; Bentley et al., 2011) and the fully folded C-Ring1B (Czypionka et al., 2007; Bezsonova et al., 2009) . In fact, several disorder algorithms (RONN, Foldindex and IUPred (Tompa, 2012) ) predicted disorder structure encompassing the first 30 and last 100 residues of N-Ring1B (Supplementary Fig. S5 ). It has been suggested that disordered linker domains in E3 ligases correct the interaction and positioning of the various proteins intervening in ubiquitination processes (Liu and Nusinov, 2010) , and even those residues could also intervene in the locking of the ubiquitin moiety (Dou et al., 2012; Plechanovova et al., 2012) . It is interesting to note that the possible absence of structure in the 100-residue-long fragment does not seem to be supported by the proteolysis digestion results, since at 30 min there is still some non-digested protein (20 -30% of the whole intensity, depending on the presence of other biomolecules in solution). If we assume that that region is disordered (and we do not have, at this stage, atomic level information on N-Ring1B structure), we do not know how to rationalize exactly the proteolysis results with the theoretical predictions and the interpretation of FTIR and CD results. A possible explanation could be that the putative disordered region makes long-range, transient contacts with other folded regions of the protein, hampering solvent accessibility of the digestion sites. Further research to elucidate the structure of N-Ring1B at atomic detail is required, and to that end, we have started crystallization assays (J.Bacarizo and A.Cámara-Artigas, unpublished results).
Whatever the structure present in the 116-221 tail is, it was stable within a wide pH range (5.0 -10.0). The secondary and tertiary structures of N-Ring1B, as well as the burial of hydrophobic patches, occurred concomitantly, suggesting that the folding of the fragments from acidic pHs is highly cooperative. A similar behavior has been observed in the C-Ring1B; however, this tendency does not agree with what is observed in fully intrinsically disordered proteins at low pH (Geist et al., 2013) . On the other hand, chemical denaturations suggest that unfolding of N-Ring1B was not very co-operative (due, probably, to the presence of disordered structure in the fragment). Thermal denaturations were also irreversible, which concurs with the aggregation in the form of amyloid fibrils determined by FTIR. The apparent T m s (as determined by FTIR) were relatively low, also in agreement with the fact that the amyloid component is already present at 258C, but only detected at the high concentrations used in the FTIR experiments. This finding might reflect the presence of a small population of aggregation-prone intermediate driving the nucleation-dependent amyloid pathway, which is in competition with the native folding pathway. We think that two hypothesis could be inferred from the detection of such intermediate state: (i) the structure of isolated N-Ring1B was moderately stable; and (ii) increasing temperature shifted the equilibrium from the native to the unfolded state, and as a consequence, the misfolding pathway was enhanced.
The native-like structure of N-Ring1B
One final question remains, was the structure of N-Ring1B native-like? As we do not know the structure present in the 116-221 tail, and given the different percentages of secondary structure between the CD and FTIR measurements and the X-ray structures, we decided to confirm the presence of nativelike structure by measuring the binding to two natural partners of the RING finger of Ring1B: DNA and the E2-C ca protein (an E2 ubiquitin conjugase). N-Ring1B bound to DNA; this binding seems to alter slightly the secondary structure of the protein, as judged from CD (Fig. 5B) , but it did affect the environment of the sole tryptophan of N-Ring1B ( Supplementary  Fig. S4 ), and increased slightly the resistance of N-Ring1B against trypsin digestion.
Furthermore, our results show that N-Ring1B bound to E2-C ca with an affinity of 0.5 + 0.2 mM (Fig. 5A ). This value was different (the affinity was larger for N-Ring1B) to that measured in the biologically active complex (heterodimer 1 -116 Ring1B þ Bmi1 with UbcH5c, 7 mM (Bentley et al., 2011) ) suggesting, at first, that Bmi1 finely modulates the binding of Ring1B. Alternatively, the different experimental procedures (biotinylated protein (Bentley et al., 2011) on protein biosensors versus the intrinsic fluorescence used in this work), the different Ring1B constructions used, and the molecular system (ternary versus binary complex) could explain the difference in the affinity constant. On the other hand, the value of such affinity constant was similar, within the error, to that of E2-C ca for C-Ring1B (0.37 + 0.03 mM) (Aguado-Llera et al., 2012). Therefore, it seems that both dissected regions of the whole Ring1B, containing different motifs and different structures, have the same affinity for the E2-C ca (even though the C-Ring1B does not contain a canonical region for binding of the ubiquitin conjugase). Interestingly enough, both domains did not have the same apparent stability, being the monomeric C-Ring1B more stable than the N-Ring1B (Czypionka et al., 2007) . Therefore, our data suggest that the structure of the isolated N-Ring1B was native-like.
Conclusions
We were able to express in isolation, for the first time, the N-terminal region of Ring1B, containing the RING finger domain. The protein was monomeric, with a native-like fold, moderately stable, and it bound to an ubiquitin conjugase, a natural partner of the intact Ring1B.
Supplementary data
Supplementary data are available at PEDS online.
